Few studies have been performed to use the detailed healthy eating index (HEI) to estimate consumer demand for diet quality. In this article, we apply household production theory to systematically estimate consumer demand for diet quality using the HEI developed by the U.S. Department of Agriculture. The results show that consumers have insufficient consumption of food containing dark green and orange vegetables, legumes and whole grains. Age and education have a significant impact on consumer demand for diet quality, but income does not. The own-price elasticities of demand for diet quality are inelastic. Simulation of tax scenarios indicates that a tax on sugar-sweetened beverage may be more efficient than a tax on fats, oils and salad dressing in improving consumer diet quality. This information is critical for policies and programs that are designed to improve healthy food choices, thereby reducing the social cost of public health.
Introduction
Promoting a healthy diet has become a global priority because of the scientific linkage between food intake and human health. For instance, in Australia, the Commonwealth Department of Health and Ageing has developed the Australian Guide to Healthy Eating and promotes programs such as the Stephanie Alexander Kitchen Garden National Program to encourage healthy food consumption. In the United States, the U.S. Department of Agriculture (USDA) developed the new MyPyramid food guidance system in 2005 to help consumers make healthy food choices. Based on the 2005 Dietary Guidelines for Americans 1 (2005 DGA) , the USDA revised the Healthy Eating Index (HEI) to measure diet quality (Guenther et al. 2008) . Countries such as Denmark and France started to use taxes such 'fat tax', 'junk food tax' and 'sweetened drink tax' to motivate healthy food consumption.
However, a gap may exist between nutritional studies on diet and economic analysis of demand for a healthy diet (diet quality 2 ). Most literature on nutrition and diet has focused on determinants of nutrient and dietary intakes and the impact of diet on consumer health (Eastwood et al. 1984; Vining 2008) ; on evaluation of dietary quality using indices such as the HEI (Schmidt et al. 2005; O'Neil et al. 2010) ; and on determinants of the relationship between diet cost and quality (Drewnowski and Darmon 2005; Lo et al. 2009 ). Economic studies extensively focus on consumer demand for foods such as fruits and vegetables (FV), meats, beverages (Heien and Pompelli 1989; Brown et al. 1994) . Some economic studies of diet quality use food diversity as a proxy for diet quality (Lee 1987; Thiele and Weiss 2003) . Although food diversity is related to diet quality, it may not be as good a measurement as the HEI that is based on dietary guidelines. Studies that investigate the linkage between cost and diet quality (Cade et al. 1999; Lo et al. 2009; Duffey et al. 2010) include limited food products in their cost calculations.
The fact that there are few studies addressing consumer demand for diet quality is likely due to inadequate measures of diet quality and the unavailability of food prices. The HEI, initially developed in 1995, was (CDC 2007) . This information enables us to estimate the cost of accessing a food product in different food groups and consumer demand for diet quality.
This article contributes to the current literature from four aspects: (i) we use the household production theory to develop a theoretical framework to study consumer demand for diet quality; (ii) we empirically estimate the diet cost function by imposing theoretical properties, which is essential for obtaining proper demand elasticities; and (iii) we estimate consumer demand for the diet quality of the 12 diet groups that make up the total diet. The segregated estimation of the demand provides more useful information for the development of relevant policies and programs to promote healthy diet. In addition, we studied the impacts of taxes on two different food groups on diet quality. The approach used in this article can be applied to similar data in other countries.
The healthy eating index
The HEI was developed to evaluate the healthy status of the diet of adults aged 2 years and older. It consists of individual indices of 12 diet groups 3 3 We distinguish diet group from food group in this article. The diet group is defined based on the nutritional values of food for which the HEI is calculated. The food group is defined based on the market classification of the food. For example, ginger is classified as a vegetable in the market; however, based on the classification of diet group, it does not belong to any vegetable diet group. This is because ginger does not provide any nutrition like that provided by other vegetables. such as TOTAL FRUIT, WHOLE FRUIT, TOTAL VEGETABLES,  DARK GREEN & ORANGE VEGETABLES & LEGUMES, TOTAL  GRAINS, WHOLE GRAINS, MILK & MILK PRODUCTS, MEAT &  BEANS, OILS, SATURATED FAT, SODIUM, and CALORIES FROM  SOLID FATS, ALCOHOL, & ADDED SUGAR (SoFAAS) . To calculate the HEI, an individual's food consumption is first transformed into a base of 1000 calories for diet groups 1-9 and 11. The consumption of each diet group is compared with the recommended level. If the food consumption for a diet group meets the recommended level, it will receive the maximum HEI score for that diet group. Consumption between zero and the recommended quantity are scored proportionately (for more details, see Guenther et al. 2007; Patricia et al. 2008) .
The first six diet groups receive the maximum HEI score of 5, the SoFAAS group receives the maximum score of 20, and the remaining groups receive the maximum score of 10. The total score ranging from 0 to 100 is calculated by summing the scores for all diet groups, which can be used to assess the total diet quality. A higher HEI score indicates better diet quality. Some studies find a negative relationship between HEI and some health problems, implying the effectiveness of using HEI to assess diet quality .
Economic model
On the basis of household production theory (Lancaster 1966; Deaton and Muellbauer 1984) , a consumer is assumed to choose marketable goods to produce nonmarketable goods to maximize utility (utility is derived from nonmarketable characteristics rather than from the goods themselves). This is also the case of food consumption for diet. For instance, a sandwich purchased by a consumer may contain ham, tomatoes and leafy greens. The sandwich is what the consumer buys from the market, but the reason that a specific sandwich is chosen may be because the particular items in the sandwich (i.e., ham, tomatoes and leafy greens) contribute to a balanced diet. More generally, assuming q = (q 1 , q 2 , … q n ) represents marketable foods, by consuming foods q, consumers obtain nutrients from different diet groups. The quality of different diet groups can be represented by z = (z 1 , z 2 , …z g ), which affects consumer utility levels. The transformation of q into z can be represented by the household production function such that z = h(q). With the assumption that food consumption is weakly separable from other commodity groups, consumer food choices can be modelled through two stages. In the first stage, consumers try to minimize the cost of achieving a certain level of diet quality z, subject to the technology constraint such that MinC ¼ p Á q; subject to z ¼ hðqÞ:
However, with cross-sectional data such as food consumption of 4600 items, food group aggregation is necessary for manageable demand analysis. Deaton (1987) assumes that there is a constant structure of relative prices within a group and defined group prices. This practice separates quality from price effect in estimating consumer demand for food. However, the constant structure of relative prices is a strong assumption and may not hold in many cases. In this article, we use the unit value of a food group as its price. This price has less problems of endogeneity because the price is calculated from the marketing prices of the 4600 food items. For instance, a consumer may choose two apples and three bananas; the price of the aggregated food (in this case, fruit) can be calculated as the weighted average of the apple and banana prices. Because the prices of apples and bananas are determined by the market, the price of the five pieces of fruit is also exogenous. It should be noted that the price elasticities derived from the cost function may incorporate consumer response to the change in food quality. However, we are more interested in consumer demand for diet quality, which is determined by the prices (shadow prices) of diet groups. To reduce the amount of food items for cost minimization, Equation (1) can be written as
where P k is the unit value of kth food group, and Q k is the quantity of kth food group. Solving Equation (2) yields a cost function
which defines the minimum cost of obtaining a given level of a healthy diet z for any price P. The shadow prices of the diet quality z i can be calculated as:
Given the shadow prices of the diet groups, the second stage problem for consumers is to
where u is a well-defined utility function. The implicit solution of the optimization problem is
which may be considered as consumer demand for the quality of a diet group i. With the shadow price p and expenditure C 0 , the demand, as well as the price elasticities of demand for diet quality, can be obtained by estimating the demand system specified in Equation (6).
Empirical analysis

The data
The data on 2-day food consumption and nutrient intakes for [2003] [2004] are obtained from the NHANES database, including DIIF and DITN data. DIIF data provide information on the types (corresponding to USDA food codes) and amounts (in grams) of food and beverages consumed by NHANES participants in 2 days. The total calories from DITN are used to transform individual food intake from the absolute amount into intake per 1000 calories. The MyPyramid Equivalents Database (MPED; Bowman et al. 2008 ) is used to transform food intakes into cup or ounce equivalents. In addition, the food products listed in the 2003-2004 CNPP Food Prices Database 4 (FPD) match the ones in DIIF. This enables us to calculate the expenditure on marketable food Q for each participant in the NHANES database ( Figure 1 ).
There are nine major food groups in the USDA FNDDS: Milk and Milk Products; Meat, Poultry and Fish; Eggs; Dry Beans, Legumes, Nuts and Seeds; Grain Products; Fruits; Vegetables; Fats, Oils and Salad Dressings (FOSD); and Sugars, Sweets and Beverages. The nine FNDDS food groups are aggregated into the five marketable USDA food groups: Dairy; Meat, Egg & Beans (MEB); Grains; FV; and Fats, Oils, and Sweets (FS). The food group aggregation corresponds to the diet groups in the analysis. The price of each food group can be calculated as the ratio of expenditure on a certain food group to total gram consumption of that group. Therefore, we obtain the quantity (Q) and price (P) of a given food group that consumers purchase to produce the nonmarketable products (z), which is the HEI measuring diet quality.
Empirical model
Because no prior information on the cost function is available, a translog cost function is estimated. The translog cost function is one of the most widely used flexible functional forms in empirical analyses (Cowing and Holtmann 1983; Shonkwiler et al. 1987) . The translog cost function is specified as: where C is the individual average expenditure on foods for 2 days; P is the price of marketable foods; z is the HEI measuring the diet quality; n = 5 represents the five food groups; and m = 12 represents the 12 diet groups. To avoid the problem of using the log of zero HEI scores, we added one to each HEI.
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This shifts the minimum score of each HEI from zero to 1, but is still consistent with the original HEI score. Theoretical restrictions such as homogeneity ( P n i a ij ¼ 0;
, and symmetry (a ij = a ji , g ij = g ji ) can be easily imposed on a translog cost function because those restrictions are functions of parameters only. However, in general, concavity on input prices cannot be imposed globally on a translog cost function. If the shares of inputs are not negative, the negative semi-definite property of parameters in matrix A (where A consists of the parameters of ln p i ln p j ) is a sufficient condition for global concavity. This approach, however, will lead to the cost function being 'too negative semi-definite', thus resulting in an upwardly biased estimate of cross price elasticities (Diewert and Wales 1987, p. 48) . With this concern, we follow Ryan and Wales' approach (2000) to impose concavity at a single observation. In this approach, an observation is chosen as a base point and input prices are then normalized with the prices at the base point. Concavity is imposed by letting Figure 1 Relationship between data sets used to calculate healthy eating index (HEI), expenditure and price of food.
where U is a triangular matrix, a i is the parameter defined in Equation (7) and d ij = 1 if i = j and 0 otherwise. In the estimation, a ij in Equation (7) is replaced by the right-hand side of equation (8), which will guarantee that concavity is satisfied at the base point. According to Shephard's Lemma, share equations are derived as:
The cost function in Equation (7) and the four share Equations defined by (9) are estimated using the full information maximum likelihood method. The own and cross price elasticity of demand for marketable goods Q i can be calculated as e ii ¼ a ii w i þ w i À 1, and e ij ¼ a ij w i þ w j , respectively. The shadow price of the diet quality z j , or HEI, is calculated as
Demand for diet quality in Equation (6) is estimated as a linear function of shadow prices and the quadratic function of food expenditure, together with demographic variables as demand shifters, such as:
where p i is the shadow price; C is the individual food expenditure; D i is the demographic variable, such as age and gender. Despite the fact that the shadow prices in (11) may be endogenous, we used ordinary least square (OLS) methods to estimate the system equations of demand for diet quality.
6 This is a plausible solution due to two facts. First, as pointed out by Deaton and Muellbauer, 'given the two-stage procedure, we can take' Equation (11) 'as behavioural equations, albeit one linking endogenous variables to both exogenous and other endogenous variables'. And 'Sometimes, indeed, the shadow prices are treated like exogenous prices that are independent of the amounts of the nonmarket goods consumed' (Deaton and Muellbauer 1984, p. 248) . In addition, even if endogeneity of the shadow price is assumed, OLS methods are still the best choice because very limited information is available to be used as instrumental variables in current cross-section data, and weak instruments may result in worse estimation than OLS methods (Bound et al. 1995; Stock et al. 2002) .
Results
Consumption of foods and the HEI scores
For adult respondents in the NHANES data set, the HEI scores are calculated based on the average food consumption for 2 days. Respondents younger than 20 years old are removed from the analysis because people in this age group may not be the decision maker when it comes to food choices. The number of respondents used in estimating the cost and share equations is 3875, but because of missing demographic information, the number of observations is reduced to 3670 when the demographic variables are added into the demand equation for diet quality. The mean age of the respondents is 51, and the mean Poverty Index Ratio (PIR) is 2.62. The PIR ranges from 0 to 5 and is the ratio of income to the household poverty threshold based on household size which also contains information on household income. Other respondent demographics are reported in Table 1 .
The average daily food expenditure is about $4.32, ranging from $0.39 to $18.35. Among the five USDA food groups, MEB expenditure is the highest at $2.92/kg, and Dairy expenditure is the lowest at $0.47. In case of quantity consumed, the FS consumption is the highest, about 1.9 kg/day (Figure 2) .
The average total HEI score is 56.21. The SoFAAS diet group receives the highest score of 10.46 and the WHOLE GRAINS diet group receives the lowest score of 1.17 (Table 2) . However, because the maximum HEI scores of different diet groups are different, the relative score calculated as the ratio between the HEI score and the maximum score of a corresponding diet group provides more useful information. The ratio between the mean HEI score and the maximum score for WHOLE GRAINS is the lowest, about 0.23, which implies that the average consumption of whole grain is only 23 per cent of the recommended level of the 2005 DGA. The ratios of both TOTAL GRAINS and MEB are about 0.89, indicating optimal consumption of food containing total grains, meat and beans. The ratios of 0.39 for SODIUM and 0.29 for DARK GREEN & ORANGE VEGETABLES & LEGUMES indicate overconsumption of sodium and under-consumption of food containing dark green and orange vegetables as well as legume.
Estimates of cost and share equations
The cost and share equations are estimated with homogeneity, symmetry and concavity conditions imposed. To impose concavity, the cost and share equations are first estimated with each observation as the base point. After each estimation, the concavity conditions are checked for all the observations and the final model is selected with which the concavity conditions are satisfied at the most observations. In the final model, the concavity condition is satisfied at about 71 percentage of the total observations. For the translog cost function and the share equations, the estimates of the parameters of food prices (a i, ) are all significant at the 5 per cent significance level, and most parameters of the interactions of food prices and HEIs (c ij ) are statistically significant. 7 The significance of c ij implies that diet quality affects the budget shares of different food groups. More than half of c ij are negative, implying that increasing the HEI score (diet quality) of certain diet groups will reduce the spending on some food groups.
The price elasticities of demand for food groups shown in Table 3 are the means of the elasticities calculated at each observation. Most of the own-price elasticities are statistically significant, negative and less than unity, with Dairy having the largest own-price elasticity in terms of absolute values. All the cross price elasticities, except for the elasticity between FV and Grain, are positive, implying that most of the food groups are substitutes.
Demands for a healthy diet
For each observation, shadow prices and their variances are calculated. The mean shadow prices of all 12 diet groups are significant at the 5 per cent significance level. The proportions of significant shadow prices for individual diet group differ markedly (Table 4 ). The mean shadow price of HEI4 (DARK GREEN & ORANGE VEGETABLES & LEGUMES) is the highest at $0.63, followed by HWI7 (MILK & MILK PRODUCTS, 0.47) and HEI1 (TOTAL FRUIT, 0.45). The negative shadow prices of some HEIs may be the result of not imposing monotonicity on the cost function. However, not imposing monotonicity is a reasonable choice because increasing nutrient intake does not necessarily improve the diet quality and may even impair diet quality (e.g., HEI12 (SATURATED FAT) imply that in general consumers can improve their diet quality of those groups without increasing food expenditures. The estimates of a system of demand equations for diet quality are reported in Table 5 . In the estimation, dummy variables are created for categorical demographic variables in Table 1 . The dummy variable of the last category of each demographic variable is removed. The results show that overall the shadow prices of HEI significantly affect consumer demand for diet quality. Demographic variables are corresponding to those in Table 1. decreasing the diet quality of other diet groups. The quadratic relationship between food expenditure and diet quality may exist; however, although significant, all the estimates for expenditure squares are close to zero.
SATURATED FAT). The negative shadow prices of HEI5 (TOTAL GRAINS), HEI8 (MEAT & BEANS) and
Increasing food expenditure significantly improves the diet quality of TOTAL FRUIT (HEI1); WHOLE FRUIT (HEI2); DARK GREEN & ORANGE VEGETABLES & LEGUMES (HEI4); MILK & MILK PRODUCTS (HEI7); OILS (HEI9); and SODIUM (HEI11) while at the same time
Age, though small in scale, significantly and positively affects consumer demand for quality of most diet groups, which indicates that older people care more about the healthy impacts of food consumption. The demand for quality of most diet groups of men is significantly less than that of women, with the exception of MEAT & BEANS (HEI8) . This indicates that males are more likely to obtain energy from the consumption of meat and beans (most likely meats) than from other food products. Ethnicity and marital status in general do not significantly affect consumer demand for diet quality.
The coefficients of PIR in all equations except for the equation of HEI8 are not statistically significant. This indicates that income in general does not significantly affect consumer demand for diet quality. However, education has significant impacts on the demand for diet quality: consumers with less advanced degrees demand less for the diet quality of most diet groups except for the diet quality of MEAT & BEANS (HEI8) .
Most of the elasticities of demand for diet quality are statistically significant at the 5 per cent significance level (Table 6 ). HEI4 (DARK GREEN & ORANGE VEGETABLES & LEGUMES) has the largest ownprice elasticity, followed by HEI11 (SODIUM), HEI1 (TOTAL FRUIT) and HEI2 (WHOLE FRUIT). The cross price elasticities between HEI12 (SoFAAS) and most HEIs are close to zero, indicating that a change in the shadow price of the quality of SoFAAS does not have large impacts on the quality of other diet groups. Among the 12 expenditure elasticities, five of them are negative. This implies that with more expenditures on foods, the demand for the qualities of diet groups such as TOTAL VEGETABLES (HEI3), WHOLE GRAINS (HEI6) and MEAT & BEANS (HEI8) decrease.
Impact of taxes on diet quality
For each individual in the data, the diet quality after a tax change on selected foods is calculated and compared with the diet quality before the tax. Because all the foods are included when estimating the cost (Equation 7) and share (Equation 9) equations, it is very flexible to simulate the impacts of tax changes of any foods or food groups on diet quality. This is different from previous studies that only focus on a subset of food and conduct the analysis under the assumption of weak severability of a food group (Duffey et al. 2010; Lin et al. 2011) . Following Lin et al. we simulate the impact of excise taxes such that consumers will face a 20 percentage price increase on selected foods in the market. In addition to the 20 percentage tax on sugar-sweetened beverage (SWB) in Lin et al., we also simulate the impact of a 20 per cent tax on FOSD because of the recent introduction of a 'fat tax' in countries such as Denmark (Mytton et al. 2012) . The focus is whether the 20 per cent taxes impact consumer diet quality, and if they do, which tax is more effective. Results show that although the magnitudes of the changes in the quality of all diet groups are small, SWB and FOSD taxes both significantly affect the diet quality. Overall, the SWB tax has a larger impact on the improvement of the diet quality. The average total HEI changed from 56.21 to 56.30 with a SWB tax and to 56.24 with a FOSD tax.
Conclusion
Although there are many studies on consumer demand for foods, studies on demand for diet quality are limited. In this article, we systematically study consumer demand and the factors affecting demand for diet quality. We also simulate the impacts of two exercise taxes on diet quality. The framework used in this article can be adapted in similar studies in other countries. The studies on consumer demand for diet quality are important because in many cases policy instruments such as taxes and subsidies are implemented on diet groups rather than on food products. For instance, to discourage consumers' fat intake from meats, it is clumsy to have a tax on hamburger but it is possible to have a tax on 'meat'. The term 'meat' is actually more consistent with diet group because it consists of many different types of meats. In addition, governments may encourage food producers to label the diet quality (e.g., HEI score) of food products to help consumers easily make choices of healthy food. One example is the Guiding Stars system introduced by some retailers in which a system of zero to three stars is used to indicate the nutrition value of the food sold (Farwell 2011) .
Similar to the conclusions of another study (Krebs-Smith et al. 1995) , our results show that U.S. consumer consumption of some foods such as dark green and orange vegetables and whole grain is inadequate. The lack of consumption of these foods may be the result of the high shadow prices of the diet quality of the diet groups. Although the average price of meat and beans is high, consumers get enough meat and beans in their diet because of the low shadow price for the diet quality of MEAT & BEANS.
Our results show that income in general does not have a significant impact on consumer demand for diet quality, which is different from the results of Mancino et al. (2004) and Darmon and Drewnowski (2008) . Possible reasons may be that Mancino et al. use the total HEI score, and Darmon and Drewnowski use dietary energy density as the index of overall diet quality. Our study uses the HEIs of the 12 diet groups and controls the price effect of diet quality. However, our results are consistent with some previous findings that income does not have significant impacts on the consumption of some food groups and diet quality (Wilde et al. 1999; Stewart et al. 2003) . In addition, our results show that education has significant impacts on consumer diet selection which indicates that people with higher education levels may have better access to and understanding of the sometimes complicated information on the health benefits of foods. This reflects the importance of some of the nutritional education campaigns that aim to help consumers be aware of and understand the healthy benefits of foods (Kelder et al. 1995; Perez-Escamilla et al. 2008) . Increasing social pressure by delivering educational messages and information to less educated people may be the right public health effort to increase consumers' healthy food choices. At last, the results from the simulations of the SWB and FOSD taxes show that taxes can be used as effective instruments to improved diet quality, and SWB tax may be more effective than FOSD tax.
The results of this study may provide critical and valuable information for policy makers and stakeholders that are targeting the improvement of diet quality. It can be further extended to study the linkage between the demand for diet quality and individual health problems such as obesity. The lack of regional food price information prevents us from investigating consumer demand for diet quality across regions. With regional data available, regional demand for diet quality can be estimated and more customized public health policies and programs can be designed for a specific region. In addition, the impacts of the SWB and FOSD taxes on individual health conditions warrant further research under the current framework because the changes in diet quality as a result of imposing a food tax are small, although significant.
